ABSTRACT: The present study was conducted to evaluate the effect of lipids with different fatty acid profiles on the intake, performance, and enteric CH 4 emission of Nellore steers. A total of 45 Nellore animals with an average initial BW of 419 ± 11 kg (at 15 ± 2 mo) were distributed in a completely randomized design consisting of 5 treatments and 9 replicates. The roughage feed was maize silage (600 g/kg on a DM basis) plus concentrate (400 g/kg on a DM basis). The dietary treatments were as follows: without additional fat (WF), palm oil (PO), linseed oil (LO), protected fat (PF; Lactoplus), and whole soybeans (WS). The lipid source significantly affected (P < 0.05) nutrient intake. The greatest intakes of DM, OM, and CP were observed in the animals that were fed the WF or PF diets, and the lowest intakes were observed in the animals that were fed the PO diet.
INTRODUCTION
A current major worldwide concern is the increase in the production of greenhouse gases and their effects on climate change (Martin et al., 2008) . The CH 4 emission by ruminants represents energy loss from animal production that equates to approximately 6% in pasture animals and 3.5% in feedlot animals (IPCC, 2006) . Therefore, the development of strategies aiming to mitigate CH 4 emission may confer economic benefits and environmental advantages because it allows for greater efficiency in the use of dietary energy by the animal (Beauchemin and McGinn, 2006) .
Promising strategies that involve feeding and agricultural systems aimed at lessening the emissions of enteric CH 4 from ruminants and potential effects of these strategies on animal production have been reviewed. Defaunation, use of ionophores, and inclusion of lipids, tannins, and saponins in diets may be effective for reducing CH 4 emissions (Eugène et al., 2011) . Among available strategies, lipid supplementation is the most promising approach; however, the performance response and supplemental lipid composition are complex and differ according to the specific diet (Grainger et al., 2010) .
The hypothesis of the present study is that adding and/or modifying the fatty acid profile of the diet of Nellore steers affects their intake, performance, and ruminal fermentation with a consequent reduction in enteric CH 4 emission. Research evaluating the effects of these lipid sources on intake, performance, and enteric CH 4 emission has been focused on taurine cattle, sheep, and goats but not on zebu cattle. Additionally, in previous studies, there was limited variation of fatty acid profiles associated with the different dietary lipid sources (Machmüller et al., 2003; Manso et al., 2006; Martin et al., 2008; Fiorentini et al., 2013) . Given the above, the present study was performed to evaluate the effect of lipid sources with different fatty acid profiles on the intake, performance, and enteric CH 4 emission of Nellore steers.
MATERIALS AND METHODS
The protocol used in this experiment was in accordance with the Brazilian College of Animal Experimentation (Colégio Brasileiro de Experimentação Animal) guidelines and was approved by the Ethics, Bioethics, and Animal Welfare Committee (Comissão de Ética e Bem Estar Animal) of the Faculdade de Ciências Agrárias e Veterinárias, São Paulo State University, Jaboticabal campus (protocol number 012799).
Experimental Design and Animals
A total of 45 Nellore steers (initial BW = 419 ± 11 kg; 15 ± 2 mo) were housed in individual 8 m 2 (4 by 2 m) pens that were provided with a concrete trough and drinker. The animals spent 28 d acclimating to the diets, facilities, and management. After this period, they were confined for 90 d (experimental period), during which intake, weight gain, and CH 4 emission were evaluated. The total weight gain and ADG were determined at the beginning and end of the experimental period (90 d), which was preceded by a solid-food deprivation period of 12 h.
Diets and Feeding
The diets were calculated using RLM/Esalq-USP software (Lanna et al., 1999) and were in accordance with the Cornell Net Carbohydrate and Protein System developed by Fox et al. (2000) . Five concentrates were formulated: 1) without additional fat (WF; 27.9 g/kg of ether extract [EE] in the total diet), 2) with palm oil (PO) derived from the palmaceae plant Orbignya oleifera, which has a lipid profile rich in medium-chain fatty acids (lauristic and myristic), 3) with linseed oil (LO), 4) with protected fat (PF), Lactoplus (Dalquim Group, Itajaí, Santa Catarina, Brazil), and 5) with whole soybeans (WS). All the diets with added lipids contained an average of 42 g of additional lipid per kg of DM.
The roughage was corn silage (600 g/kg on a DM basis and with the following composition: 369 g DM/ kg, 71 g CP/kg DM, 477 g NDF/kg DM, 23 g EE/kg DM, and 53 g lignin/kg DM) and concentrate (400 g/kg on a DM basis). The concentrates were mixed weekly to restrict oxidation and rancidity of ingredients. The lipid sources (PO, LO, PF, and WS) were incorporated into the remaining ingredients of the concentrate in a horizontal mixer for 15 min. The proportions of ingredients and the chemical composition of the experimental diets are presented in Table 1 .
The animals were fed with corn silage and the experimental concentrates once a day at 0800 h as a total mixed ration. Throughout the entire experimental period, the provided quantities were adjusted to allow a surplus of approximately 100 g/kg in relation to the total amount consumed on the previous day.
Feed refusals were collected before feeding and weighed. Subsamples were obtained and frozen at -20°C. Feed offerings and feed refusals were dried at 55°C for 72 h and ground in a Wiley mill (Thomas Scientific, Swedesboro, NJ) to pass through a 1-mm screen. Samples of corn silage, concentrates, and feed refusals were analyzed to determine DM (method 934.01) and mineral matter (method 942.05) and to obtain an acid ether extract (method 954.02) according to the Association of Official Analytical Chemists (AOAC, 1990) . Nitrogen was determined using an LECO FP-528 nitrogen analyzer (LECO Corp., St. Joseph, MI).
Neutral detergent fiber was determined using α-amylase and without the addition of sodium sulfite following Van Soest et al. (1991) and adapted for the Ankom 200 Fiber Analyzer (Ankom Technology, Fairport, NY). Acid detergent fiber was determined using the method described by Goering and Van Soest (1970) and adapted for the Ankom 200 Fiber Analyzer (Ankom Technology, Fairport, NY). The GE content of feeds and refusals was determined using an adiabatic bomb calorimeter (PARR Instrument Company 6300, Moline, IL).
To determine the fatty acid composition of feed offerings and feed refusals, a sample of approximately 1 g was used. The frozen sample was homogenized in 20 mL of a chloroform and methanol solution (2:1) using a Turrax homogenizer, disintegrator, and emulsifier (IKA Works, Inc., Wilmington, NC; Folch et al., 1957) . In the next step, the lipid extract aliquot was methylated using the protocol in Kramer et al. (1997) . Fatty acids were quantified using a GC 2010 gas chromatograph (Shimadzu Corp., Kyoto, Japan) with an SP-2560 capillary column (100 m by 0.20 mm i.d. with a 0.02-μm film thickness; Supelco, Bellefonte, PA). The initial temperature was set to 70°C for 4 min (13°C/min) until it reached 175°C and then held for 27 min. After this, the temperature was increased 4°C/min until it reached 215°C and was held there for 31 min. Hydrogen was used as the carrier gas with a flow of 40 cm 3 /s (Table 1) .
Methane Measurements
Methane emissions were assessed using the sulfur hexafluoride (SF 6 ) tracer technique (Johnson et al., 1994) , where each animal was sampled daily for 5 consecutive 24 h days beginning at the 60th d of feeding. Twenty animals (4 treatment replicates) were fitted with gas collection halters 10 d before methane sampling to allow animals to adapt and to facilitate sampling. The selection criterion was the animals' tameness and ease to be handled in the management center (stockyard). Enteric methane was measured from the 20 animals simultaneously.
The release rate (RR) of the gas from a permeation tube is known before its insertion into the rumen. The permeation tubes were maintained in a water bath at 39°C and weighed for 6 wk in the laboratory. The average RR was similar among the treatments (RR 2.04 ± 0.5 mg SF 6 /d, mean ± SD). Brass permeation tubes filled with SF 6 and known RR were administered orally to each of the 20 animals 72 h before methane sampling to allow the tracer gas to equilibrate in the rumen. The animals were fitted with gas collection halters connected to pre-evacuated polyvinyl chloride canisters designed to fill halfway in 24 h. Sampling started at 0900 h daily, when the animals were removed from the pens, and was conducted at the management center (stockyard) to facilitate sampling.
The collection canisters were located above each animal to reduce the risk of equipment damage and were connected to the halter by tubing inside airline-flexible coil tubing. The pressure of the canister was measured after 24 h of collection, and if the final pressure was beyond the expected range, then the halter was preventively replaced. If the final pressure was above the range, then the halter was most likely blocked or disconnected. If the final pressure was below the expected range, then there could be a leak in the system. In either situation, the halter was replaced with a new halter with an average absorption rate within the stipulated range (to fill halfway over a 24 h period).
After sampling (approximately 30 min), each animal was taken to the original pen for feeding. The pressure readings were recorded, and the canisters were pressurized using pure N 2 . The ambient air samples in the feedlot were collected twice daily to determine the background concentrations of methane and SF 6 . These values were subtracted from the animals' values to calculate the net output in the expired breath. The concentrations of CH 4 and SF 6 in the collection tubes were measured at Embrapa Meio Ambiente (Jaguariúna, São Paulo, Brazil) using a Hewlett-Packard model 6890 gas chromatograph (Agilent, San Jose, CA), as described by Johnson et al. (1994) .
Slaughter
At the end of the experimental period, the animals were transported to a slaughterhouse. The next day, after fasting (from solids) for 24 h, slaughter took place using a compressed air pistol to cause a cerebral concussion, and the animals were then bled by cutting the jugular and carotid veins. After slaughter, the carcasses were identified and weighed to obtain the weight and hot carcass yield. Carcass yield was calculated based on the HCW and BW ratio after fasting. After cooling for 24 h in a refrigerator at 4°C, measurements in the right half of the animals, between the 12th and 13th ribs, of the loin eye area (LEA) and backfat thickness (BFT) were taken using a numbered grid and a digital caliper, respectively.
Statistical Analyses
The experimental design was completely randomized. Intake, weight gain, and quantitative carcass trait data were collected from 45 Nellore steers over 5 treatments and 9 replicates. The initial BW was used as a covariate for the statistical analysis of the nutrient and fatty acids intake, weight at slaughter, average daily weight gain, feed efficiency, HCW, hot carcass yield, LEA, relative LEA (RLEA), and MFT.
The mathematical model was represented by
in which Y ij = observation of animal j subject to treatment i, μ = the overall mean, t i = effect of treatment i (with i = 1, …, 5), iw j = initial weight of animal j, and e ij = the residual experimental error. The CH 4 emission data from 20 animals were analyzed over 5 treatments and 4 replicates without using the initial weight as a covariate. The statistical analysis was conducted using the GLM procedure of SAS (Statistical Analysis System, version 9.1; SAS Inst. Inc., Cary, NC). Treatment means were compared using the Tukey test at significance level, α = 0.05.
RESULTS
Intakes of DM, OM, and CP were greater (P < 0.05) in the animals receiving the diets WF or with PF. The total nutrient intake in animals fed diets containing PO was low ( Table 2 ). Animals that were fed with diets containing PF showed greater intake rates of unsaturated fatty acids, and animals fed with diets containing PO or LO showed greater intake rates of SFA. Animals fed LO had greater intake of linolenic acid, and animals fed PF had the greatest intake of linoleic acid (P < 0.05; Table 2 ).
The lipid source influenced CH 4 emission (P < 0.05; Table 3 ), and animals that were fed the PF and WF diets displayed greater CH 4 emissions. Slaughter weight, ADG, feed efficiency, HCW, and yield percentage were only low in the animals fed PO in comparison with the other diets. The ADG did not differ between the animals fed the WF, WS, or LO diets. The animals fed the PO diet presented greater RLEA (P < 0.05) than those fed other diets. Loin eye area and BFT were not affected by the addition of lipid sources (P > 0.05; Table 4 ).
DISCUSSION
The reduced DMI of animals that were fed diets with LO, PO, or WS compared with that of animals fed diets without fat is consistent with findings in previous reports (Bateman and Jenkins, 1998; Shingfield et al., 2010; Wanapat et al., 2011) . This effect is usually attributed to the inhibition of appetite caused by increases in serum concentrations of unsaturated fatty acids, which activate receptors in the satiety center of the hypothalamus (Allen, 2000; Obici et al., 2002) .
Furthermore, diets containing 70 g/kg EE in the DM or more can cause feed degradation, especially if there are great proportions of unsaturated fatty acids contained within the EE. In addition to being toxic to ruminal microorganisms, fatty acids will adhere to food particles and create a physical barrier that prevents the action of microorganisms and microbial enzymes, which consequently impairs the performance of growing and finishing animals (Palmquist and Jenkins, 1980; Sullivan et (2000) and Hess et al. (2008) reported that supplementing DM with 50 to 60 g dietary lipids per kg affected DMI. Therefore, it can be concluded that there is no single universal optimum amount of added dietary lipid that would be appropriate across all feed sources. The amount is variable and depends on the particular source used, the type of animal studied, the supply methods, and other characteristics.
The reduction in DMI observed in animals fed diets with PO, which is rich in SFA, was similar to that observed in animals fed with sources rich in unsaturated fatty acids (LO and WS). This result was unexpected and conflicts with arguments suggesting the low reactivity of this source in the ruminal environment (Wanapat et al., 2011) . It is likely that in addition to the SFA profile of PO, other factors such as low acceptability by the animals and a possible toxic effect on ruminal microflora by this lipid source may be associated with the reduced intake. Animals are born with innate preferences and aversions (Forbes, 1999) , thus allowing them to associate the postingestion consequences of a particular food with its sensory properties. This information is then used during the selection of food (Forbes and Provenza, 2000) . The negative effects of PO on DMI were also reported by Otaru et al. (2011) , who added PO (0 to 16%) to the diet of goats and verified a linear decrease in their DMI.
The diet containing PF did not cause a reduction in DMI, which can be explained by the presence of calcium salts in this source. Calcium salts prevent the intense release of unsaturated fatty acids in the ruminal environment and can decrease the impact on microbial metabolism. The intake of CP and NDF followed the same pattern as that of the DM because the diets had the same nitrogen and NDF contents. The intake of fatty acids by the animals also reflected the amount of DM ingested and the composition of each diet.
According to Mertens (1994) , 60 to 90% of animal performance can be attributed to the DMI. In this regard, the lower DMI observed in the animals fed PO can account for their observed performance. Therefore, intake is considered to be the most important factor in determining animal performance. Additionally, intake affects the slaughter weight and the hot carcass yield, as was observed in the animals fed diets containing PO.
The WF diet had the lowest energy density; however, the feed efficiency of this diet was similar to that of diets with added lipids (except for diets containing PO). This result was a reflection of the greater DMI in relation to the BW and performance of the animals fed the WF diet. Bassi et al. (2012) also did not report differences in the feed efficiency of animals that were either fed or not fed oilseeds (0.13 kg ADG/kg DMI).
The LEA expressed as square centimeters per 100 kg of carcass (RLEA) represents the degree of muscle development and consequently the amount of edible fraction of the carcass. The animals fed PO exhibited lower carcass weight and consequently greater RLEA. The animals on the diet with PO presented lower DMI and consequently lower energy intake, most likely because they were still undergoing muscular development.
The BFT of the carcass acts as a thermal insulator; therefore, it is an important factor influencing quality that directly affects the cooling rate and rigor mortis, which is the conversion of muscle into meat (Savell et al., 2005; Zuin et al., 2012) . The BFT values vary geographically, and from a qualitative standpoint, the thickness must be at least 3 mm in the Brazilian industry (Prado et al., 2008; Diniz et al., 2010) . According to the Brazilian Beef Carcass Classification System (Kuss et 1 WF = without additional fat; PO = palm oil; LO = linseed oil; PF = protected fat (Lactoplus; Dalquim Group, Itajaí, Santa Catarina, Brazil); WS = whole soybeans. al., 2008), the BFT is considered uniform when it is between 6 and 10 mm and excessive when it is thicker than 10 mm. The carcasses in the present study can therefore be considered to have a uniform subcutaneous fat layer (6.60 mm) without excess.
When discussing CH 4 emissions associated with dietary regimens, it is important to consider the unit of expression. Expressing methane relative to DMI or saleable product also provides information on aspects of efficiency (Mc Geough et al., 2010) . In this study, the unit to which methane was expressed determined the relationship between the experimental diets. Diets containing LO, PO, and WS caused an average decrease of 30% in the emission of enteric CH 4 (g/kg DMI) compared with diets WF and PF.
The relationship between CH 4 emission (g/d) and DMI is positive but characterized by high variability between animals (Kurihara et al., 1999) . According to Lassey et al. (1997) , approximately 87% of the variation in CH 4 emissions is attributed to differences between animals and only 13% is due to differences in DMI. Therefore, the intrinsic characteristics of the animals are a major cause of variation in the amount of CH 4 . According Lassey et al. (2002) , these variations can occur in zebu, taurine, and crossbred animals and may be associated with distinct characteristics of the animals, such as the volume of ruminal capacity of food selection, retention time of food in the rumen, and association factors that lead to greater or lesser capacity for fiber digestion.
However, this study cannot relate the increase in CH 4 emissions with fiber intake because the NDF intake was similar between diets. In the diets with LO and WS (rich in linoleic and linolenic oils), this effect can be attributed to the disruption of bacterial membrane integrity caused by the desaturation of fatty acid molecules (Maia et al., 2010) . Patra (2013) concluded in a meta-analysis study that evaluated the effects of different lipid sources on the emission of CH 4 that among fatty acids, C12:0, C18:3, and PUFA have more pronounced methane-suppressing effects.
Moreover, Fiorentini et al. (2013) reported an 80% decrease in ruminal protozoa when animals were fed diets with soybean oil and WS compared to diets containing PF. Because they are important producers of H 2 in the rumen, the decreased amount of protozoa reduces the availability of substrate for the metabolism of methanogens, thereby reducing CH 4 production (Martin et al., 2010) . In a meta-analysis of data from 20 studies, Martin et al. (2010) concluded that supplements rich in linoleic and linolenic PUFA cause 4.1 and 4.8% decreases (per percentage unit of lipid added), respectively, in the production of CH 4 . The emission was approximately 17 g CH 4 /kg DM in the diet without fat, which was similar to the 18 g CH 4 /kg DM described by Hulshof et al. (2012) , who used feedlot diets with a sugarcane:concentrate ratio of 60:40.
The enteric CH 4 emission was calculated as 53 kg/yr for the WF diet. This value was similar to the 56 kg CH 4 / yr estimated by the Intergovernmental Panel on Climate Change (IPCC, 2006) for cattle. The average energy lost in the form of CH 4 (expressed as consumed energy) was 4.7% in the animals receiving the diets without fat or with PF and 3.3% in the other treatments. This value is close to the value reported by the Intergovernmental Panel on Climate Change (IPCC, 2006) for feedlot animals (3.5%). This loss of productive energy may have indirect but significant financial implications for beef producers and may provide an incentive for adopting mitigation strategies that can reduce methane output and improve animal performance (Mc Geough et al., 2010) . These results demonstrate the potential of sources rich in unsaturated fatty acids (e.g., LO and WS) and medium-chain saturated fatty acids (MCFA; e.g., PO) for the mitigation of CH 4 release.
All the diets with added lipids contained an average of 42 g of additional lipid/kg of DM, and the reduction in CH 4 emission in the animals supplemented with LO and WS was 4.6 g/kg of DM ingested. That is, there was a decrease of 1.10 g of CH 4 /kg of DM ingested for each 10 g of supplemental lipid in the diet. This value corroborates the results reported by Grainger and Beauchemin (2011) , who, in a meta-analysis study, evaluated the effects of different lipid sources on the emission of CH 4 and concluded that for cattle, an increase of 10 g of fat/kg of DM in the diet reduces CH 4 emission by 1 g/kg of DM ingested.
The diet containing PO caused a decrease of 1.80 g of CH 4 /kg of DM ingested for every 10 g of supplemental lipid in the diet. Palm oil contains a greater content of MCFA such as lauric and myristic acids, which can be toxic to methanogenic archaea (Soliva et al. (2004a,b) . Goel et al. (2009) suggested that the dissociation of MCFA in the bacterial cell could be the cause of this antimicrobial effect.
Previous research has demonstrated that these 2 fatty acids can sharply reduce CH 4 emissions (g/kg of DM consumed). Machmüller and Kreuzer (1999) evaluated the addition of 7% coconut oil to sheep diets and reported a 63.8% reduction in CH 4 emission whereas Machmüller et al. (2003) observed decrease of 58.3% in emission with the addition of 5% myristic acid in vivo. However, it is important to emphasize that although the diet containing PO reduced CH 4 emission (g/kg DMI), a successful mitigation strategy should allow for a profitable increase in milk and/or meat production as well as provide a sustained reduction in enteric CH 4 emission (Grainger et al., 2010) . These benefits were not observed with the diet containing PO, which reduced the DMI and performance of animals.
Conclusion
Diets containing whole soybeans, linseed oil, and palm oil caused a 30% average reduction in the emission of enteric CH 4 (g/kg DMI). Nevertheless, palm oil, compared to the other lipid sources used in this study, reduces intake, performance, feed efficiency, and carcass yield; therefore, it is not suggested for feedlot Nellore steers.
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